Abstract. Signals from laser Doppler flowmeters widely used in intravital studies of skin blood flow include, along with a slowly varying average component, an oscillating part. However, in most clinical studies, pulsations are usually smoothed by data preprocessing and only the mean blood flow is analyzed. To reveal the relationship between average and oscillating perfusion components measured by a laser Doppler flowmeter, we examined the microvascular response to the contralateral cold pressor test recorded at two different sites of the hand: dorsal part of the arm and finger pad. Such a protocol makes it possible to provide a wide range of perfusion. The average perfusion always decreases during cooling, while the oscillating component demonstrates a differently directed response. The wavelet analysis of laser Doppler flowmetry (LDF) signals shows that the pulsatile component is nonlinearly related to the average perfusion. Under low perfusion, the amplitude of pulsations is proportional to its mean value, but, as perfusion increases, the amplitude of pulsations becomes lower. The type of response is defined by the basal perfusion and the degree of vasoconstriction caused by cooling. Interpretation of the results is complicated by the nonlinear transfer function of the LDF device, the contribution of which is studied using artificial examples.
Introduction
Blood flow pulsations in the microvessels have recently attracted significant interest in biomedical research 1, 2 and provide a basis for new diagnostic methods to be developed for clinical practice. 3 Microcirculation is affected by nerve, humoral, and local factors, which influence both the average and oscillating components of the blood flow. 4 However, in the majority of clinical studies, the pulsations are typically smoothed by data preprocessing and only the mean blood flow is taken into consideration. 5 Below, we discuss this slowly varying component, which was obtained by the moving average filter as the average laser Doppler flowmetry (LDF) signal.
LDF, introduced in Ref. 6 , has become an attractive technique for the intravital studies of cutaneous blood flow. It enables simple, real-time monitoring of the relative changes of red blood cell (RBC) flux in cutaneous microvascular bed, which consists of nutritive capillaries and deeper elements of the skin vascular tree. The individual difference in skin thickness and in the properties of the density of capillaries has a significant input in the variability of the LDF signals from person to person. Spontaneous oscillations of blood flux, observed by the LDF technique in rest conditions, have been demonstrated in a number of works. 7, 8 A common approach for testing the function of microcirculation is to perform functional tests inducing local or systemic changes in the skin blood flow. Usually, various stimuli are used, both pharmacological and physiological (i.e., occlusion, temperature, and mental). 9 A massive stimulation of thermoreceptors during exposure to cold [i.e., the cold pressor test (CPT)] leads to activation of the sympathetic tone and a moderate increase of catecholamines in the blood plasma, but does not influence the frequency of the heartbeat. However, it must be noted that these processes may cause vasoconstriction (in arteries, arterioles, and arteriovenous anastomoses), which provokes a redistribution of blood in the microcirculation system. 10, 11 In a number of studies, vasoconstriction during the CPT is described, 10, 12 although less attention is devoted to the pulsations of blood flow. Recently, we found two types of reaction of LDF pulsations on the CPT, 13, 14 observing that in some cases CPT provokes an increase in the amplitude of pulsations, while in others, it leads to the opposite reaction. Assuming that a relationship between the mean value and oscillatory component of perfusion should exist (at least for cardiac pulsations), we then studied the microvascular oscillatory reaction in different frequency ranges in detail.
Usually, cutaneous blood flow is studied on the forearm, where capillary density is rather low, which allows to neglect the nonlinear dependence of LDF output P LDF on the RBC concentration. In the present work, aiming to study the reaction of the average and pulsatile components of the LDF signal during the CPT to reveal their relationship, we consider maximum available range of perfusion, which is possible to reach on the palm surface of distal phalange.
Background

Laser Doppler Flowmetry
The LDF technique provides an index of skin perfusion by measuring the Doppler shift of coherent monochromatic light scattering by moving RBCs. The light penetrates to a depth of ∼1.5 to 2 mm and the LDF signal corresponds to the mean blood flux in the volume near 1 mm 3 . It should be noted that a number of microvascular structures input in the LDF signal. The epidermis thickness is close to 0.4 mm and has no input in the LDF signal. Capillaries, which are in the surface of the dermis, are normally oriented to the surface. Deeper superficial plexus occur, under which communicating vessels (including venules, arterioles, and aortovenular shunts) are located. 15 A laser Doppler instrument output provides the signal, which is quantified as the product of the average RBC velocity and concentration. 16 This method utilizes the Doppler shift that occurs when light is scattered by moving RBCs. By analyzing the temporal fluctuations found in the speckle patterns formed by backscattered light from a laser illumination, Doppler shift can be detected indirectly. 17 P LDF is linear to velocity of moving RBC, but its relation with RBC concentration is more complicated. While RBC concentration is low, P LDF is proportional to RBC concentration and saturates when the RBC concentration is high. [18] [19] [20] This saturation of P LDF can cause the reduction of oscillations amplitude at high RBC concentration. Subjects have individual variability of skin optic and microcirculation structure parameters and this fact does not allow to define boundary of the linear part of the transfer function. Mathematical modeling of backscattered radiation recorded by LDF showed that variability of perfusion can cause essential decrease of the signal to noise ratio. 21 All these reasons give rise to the problem of nonlinear transfer function of LDF and the relation of LDF signal with the real blood flux. LDF does not provide an exact measure of flow, so it is often referred to as flux of the moving blood cells. The LDF output signal is in perfusion units (p.u.), which are relative and this causes some problems in data interpretation.
Blood Flow Oscillation
The blood microcirculation system is an active part of the cardiovascular system, where exchange processes between blood and tissue take place. The vascular wall, affected by nerve, humoral, and local factors, regulates the flow through the microcirculation system. 15 These factors influence not only the mean flux rate through the microvascular system but also the oscillations of the blood flow. 2, 14 Mainly, oscillations are provided by the arterioles, which have walls that consist of smooth muscles. Arterioles receive autonomic nervous system innervations and respond to various circulating hormones to regulate their diameter. Changes in vasodilation and vasoconstriction conditions provide low-frequency pulsations of blood vessels that affect the luminal diameter, known as vasomotions. 22 Vasomotions give rise to blood flow oscillations. 23 This phenomena was described by Jones in 1852 and has since been reported in many vascular beds both in vivo and in vitro. It is extremely difficult to observe vasomotions in vivo and can only be done by means of intravital microscopy, which is difficult to apply. On the contrary, blood flow oscillations are easier to access by means of LDF measurements and some other methods, such as oxygen tension, local blood pressure measurements, and so on. 24 Measured in vivo flow motions represent an integration of several periodic activities of different origin. 2 In blood flow, oscillation mechanisms connected with central hemodynamic [cardiac (0.8 to 1.4 Hz) and respiratory (0.2 to 0.4 Hz) rates] are taken into consideration. Also, blood flow in microvessels is regulated by NO dependent endothelial activity (0.01 to 0.02 Hz), myogenic activity (0.05 to 0.14 Hz), and by sympathetic nerves (0.02 to 0.05 Hz). 1, 7 The main role in the regulation of the number of functioning capillaries is played by the distributing microvessels, a system of meta-arteriols and precapillary sphincters. The diameter of the precapillary sphincters includes both static and dynamic components determined by the vasomotions. Their balance is important for the determination of the final hemodynamic effect on the capillary blood flow.
Cold Pressure Test
The contralateral cold pressure test excludes a direct influence on the vessels of the hand and indirectly provides strong vasoconstriction, 25 which was first described by Lewis in 1930. 26 Cutaneous receptors stimulated by the ice-water immersion of one hand increase sympathetic nerve activity to the palm skin in the nonimmersed contralateral hand and reduce the blood flow, which is reflected as a decrease in skin surface temperature 27 under a constant ambient environment.
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The cutaneous circulation is a major effector of human thermoregulation, whereby, during cold stress, reduced temperatures lead to cutaneous vasoconstriction through combined neural and local mechanisms. 11, 14, 28 Cold stress, during which the skin temperature decreases, initiates a thermoregulatory reflex to conserve body heat. This reflex is mediated by an increased noradrenergic vasoconstrictor tone, which causes an arteriolar vasoconstriction and a decrease in skin blood flow. 25 3 Subjects, Measurements, Mathematical Methods, and Software
Subjects
LDF measurements were carried out for 14 healthy volunteers (six male and eight female) under controlled temperature (24°C) conditions. There were no smokers or ex-smokers in the group, none of them received any medicine, and coffee was excluded at least for 4 h before the study. The mean age of the subjects was 35 AE 5. The subjects were sitting in a relaxed position. All the subjects gave their written informed consent prior to the test. The Ethical Committee of the Perm State Medical University approved the study protocol, and, in all cases, informed consent was received from the patients prior to the test.
Measurements
LDF was measured using a laser Doppler monitor (Moor Instruments FloLAB Server, U.K.) with a near-infrared laser (wavelength 780 nm) and probe optical surface (MoorInstruments, VP-1 probe) attached to the tissue pulp of the index finger. In five subjects from the whole group, we simultaneously collected data from the palm surface of distal phalange and from the dorsal part of the palm between the base of the thumb and index finger (Fig. 1) . The probe design minimized interference from external light sources. A bandwidth of 22 kHz was used, which provided for a wideband measurement of RBC velocities, with easily discernible vasoconstrictor responses and minimal damping of the pulsatile component of the LDF trace. The sampling frequency was 40 Hz. LDF probes were attached to the skin surface with double-sided adhesive disks, which avoided the disturbance of the blood supply of the skin that would have arisen of using a clamp. The perfusion P was measured in arbitrary p.u.
The CPT protocol was as follows: all the subjects were given 10-min acclimatization period in the laboratory. The duration of signal collecting was 23 min. In the first 10 min, we recorded basal data from the left hand while the subject was in a relaxed condition. In the next 3 min, the right (contralateral) hand was immersed in the bath with an ice-water mixture and then the right hand was put on the towel. This protocol design allowed us to minimize the moving artifacts, which could otherwise significantly affect the LDF signal. For the further analysis, we consider these three intervals before cooling (1 to 10 min), the time interval when the cooling takes place (10 to 13 min), and the recovery time after the cooling period (13 to 26 min).
Wavelet Analysis of Laser Doppler Flowmetry Data Series
Accurate treatment of the frequency content of a nonstationary signal requires adequate mathematical instrumentation. For the spectral analysis and filtration, we used the continuous wavelet transform, an effective tool for analyzing short or nonstationary signals. 29 The direct wavelet transform maps the recorded signal fðtÞ into the time-frequency plane as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 1 ; 6 3 ; 3 1 0 Wðν; τÞ ¼ ν
where * means the complex conjugation. We used below one of the most popular wavelets, the Morlet wavelet, written in the form E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 2 ; 6 3 ; 2 3 4 ψðtÞ ¼ e 2πit e −t 2 ∕2 :
Then, for the spectral filtration, we made the inverse wavelet transform (IWT) into the corresponding frequency band E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 3 ; 6 3 ; 1 8 4 f k ðtÞ ¼
where k indicates the frequency band from ν 1 to ν 2 E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 4 ; 6 3 ; 1 2 9 C ψ ¼ 1 2π
andψðνÞ is the Fourier transform of the analyzing wavelet.
The energy of pulsations in the corresponding frequency band is then E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 5 ; 3 2 6 ; 5 2 7
As an estimation of the intensity of pulsations (amplitude) in the defined frequency band, the standard deviation (SD) of filtered signal at a given time interval can be used. However, neither the energy M k nor the corresponding SD allows tracing changes in the amplitude of pulsations via time or estimating the error of the calculated value. To avoid these disadvantages, we used another characteristic, first introduced in Ref.
30
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 6 ; 3 2 6 ; 4 0 8f
which gives an envelope of f k ðtÞ. In Fig. 3 wavelet coefficients envelope is shown by red thick lines.f k ðtÞ is a smoothed current characteristic of oscillation amplitude in the given frequency band, following Ref. 30 , we will call it wavelet coefficient envelope (WCE). Frequency-by-frequency cross-correlation analysis of the two signals fðtÞ and gðtÞ gives the wavelet cross-correlation function, which is a normalized wavelet cross-spectrum (see Ref. 31 for detailed description) used in the present paper E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 7 ; 3 2 6 ; 2 6 6 C fg ðνÞ ¼
The absolute value of the complex function C fg ðνÞ belongs to the interval [0,1] and characterizes the level of correlation of oscillations at the frequency ν. The phase E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 8 ; 3 2 6 ; 1 8 1
shows the mean phase difference of the corresponding pulsations.
As the real experimental data are nonperiodic and nonstationary, the boundaries and significant peculiarities of the data influence the spectrum of the data and input in the spectral energy. To avoid this, we make an offset from the boundaries, depending on the frequency under consideration, which increases (8) when frequency decreases. Low-frequency pulsations (0.01 to 0.02 Hz) associated with the endothelial activity were not taken into account as the characteristic time of the endothelial activity was close to the duration of the functional test (180 s), which leads to insufficient statistic. All the original algorithms for the spectral analysis and the statistical analysis of the data were implemented in Mathematica 8.0.
Results
Dynamics of Average Laser Doppler Flowmetry Signal
Two typical CPT records of tissue perfusion P on the distal phalange of the palm surface of the fingers are presented in Fig. 2 . In both cases, the cooling induces a stepwise decrease in perfusion on the contralateral limb, which recovers after finishing the cooling. The first example [shown in Fig. 2 32 Table 1 shows the averaged over the whole group values of δP ij . One can see that the perfusion decreases during the cooling in all 14 samples and the median relative variation is δP 12 ¼ 0.55 AE 0.11. Thus, all the subjects in the group demonstrated a similar reaction of the mean perfusion to the CPT, despite the individual features in the recorded signals.
Laser Doppler Flowmetry Pulsations
As similar reaction of average perfusion does not imply a similar reaction in the oscillations. In the example shown in Fig. 2(a) , cooling provoked a decrease in the amplitude of the perfusion pulsations, which is contradictory to another example presented Fig. 3 Results of IWT (blue thin lines) and WCE (red thick lines) filtering of the signal, shown in Fig. 2(a) for the cardiac, respiratory, myogenic, and neurogenic frequency bands. Time limits of the cooling are marked by vertical dashed lines.
Journal of Biomedical Optics 085002-4 August 2016 • Vol. 21 (8) in Fig. 2(b) . Thereby, the oscillations demonstrate more complicated behavior during CPT with significant individual differences. To study the pulsations in detail, we made the wavelet filtration and separate oscillations in four frequency bands of interest: cardiac p C ðtÞ, respiratory p R ðtÞ, myogenic p M ðtÞ, and neurogenic p N ðtÞ.
First, we aimed to answer the question whether the intensity of oscillations in a given frequency band is related to the mean perfusion. For this purpose, we calculated the SD of pulsations p k in each frequency band for each subject and estimated the Spearman correlation of hPi and SD of pulsation in a given frequency band over all the subjects (Table 2) . Fig. 2(a) . Green open diamonds corresponds to data collected from the distal phalanx in the rest period before cooling, red crosses correspond to the time of cooling, while the blue open rectangles were obtained after cooling. Data collected from the palm are indicated by closed symbols: green rectangles before, red triangles during, and blue circles after cooling. All points for the perfusion less than 300 p. A significant correlation is observed only in the frequency bands associated with passive mechanisms of vascular tone regulation (cardiac and respiratory) in the basal conditions. This means that under relaxed conditions, the oscillations of blood flow in the microvascular bed caused by the passive mechanisms are slightly connected with the mean value of perfusion and this value is at the boundary of significance, while cooling practically destroys correlation. The amplitudes of the pulsations corresponding to the active mechanisms of blood flow regulation are fully independent from the mean value of blood flow.
Temporal Analysis of Laser Doppler Flowmetry Signal
Next, we studied the behavior of both components of perfusion, namely, the averagepðtÞ and pulsatile p k ðtÞ components for individuals. The pulsations p k ðtÞ were calculated by filtration of the LDF signals in a defined frequency band using the IWT Eq. (3). Figure 3 presents an example of the dynamics of the absolute values of the filtered signal p k ðtÞ (blue thin lines), together with the envelopep k ðtÞ calculated by the WCE algorithm Eq. (6) (red thick lines in Fig. 3 ). Indeed, WCE technique gives an envelope for the filtered signal and indicates the variations of the amplitude of the pulsations in a given frequency band. Below, we consider only the result of the WCE technique and indicate the amplitude variations of the oscillations byp C ðtÞ for the cardiac,p R ðtÞ for respiratory,p M ðtÞ for myogenic, and p N ðtÞ for neurogenic components. Figure 3 shows that cooling provokes different variations in the amplitude of the pulsations in different frequency bands (e.g., the pulsations associated with respiration do not react at all). The amplitude of the oscillation associated with the cardiac activity reduces during cooling, where a somewhat weaker reaction is observed in the myogenic and neurogenic frequency ranges. Figure 4 presents the result of wavelet filtration of the LDF signal, shown in Fig. 2(b) , which differs from the first signals [ Fig. 2(a) ], due to much weaker reaction in average perfusion and the increasing SD of the pulsations. Figure 4 shows that the reaction of this subject in the separated frequency bands also differs from the reaction of the first subject. So,p M andp N essentially increase during the cooling [ Fig. 4(b) ], while the reaction in the cardiac and respiratory ranges is not pronounced.
To clarify the relationship ofp andp, in Fig. 5 , we plotted the scatter diagram for all four frequency bands under consideration [again, for the signals shown in Fig. 2(a)] . These scatter diagrams demonstrate the complicated nonlinear relationship of p andp k in all four frequency bands. The clearest dependency is seen in the cardiac frequency band [ Fig. 5(a) ]. For low perfusion (less than half the maximal), the amplitude of oscillations is proportional to the perfusion. At high perfusion, the amplitude of oscillations decreases with increasing perfusion, providing an inverse relation ofp andp. The similar relationship of the oscillating and average component is observed for lower frequency pulsations [Figs. 5(b)-5(d)], but the points show a higher divergence, which is explained by the limited statistics. In terms of linear correlation, this means that the Pearson correlation coefficients change the sign (Table 3) . For low and high values of perfusion,p andp are clearly related, but they seem to be independent at moderate values of perfusion. Thereby, the amplitudes of the pulsationsp k are related to the average perfusionp in a complex nonlinear way.
Strong anticorrelation of two variables means that if one signal decreases the other one increases, and vice versa. In other words, for the oscillatory process, it means that the oscillations are in the opposite phase. The wavelet frequency-by-frequency cross-correlation ofp and the pulsatile componentsp k was calculated to study this. In Fig. 6 , the modulus and the phase of the wavelet cross-correlation function Eq. (7) forp andp C (solid lines) and forp andp R (dashed lines) for the whole range of modulation frequency (0.01 to 1 Hz) is demonstrated. The blue lines in Fig. 6 correspond to cross-correlations for the subject at rest, while the red lines show the correlations during the cooling. Table 3 Correlation of variations inp andp k for example presented in Fig. 2(a) The highest correlation is observed for the cardiac signal during the cooling [this state corresponds to the left linear domain in Fig. 5(a) ]. The modulus of correlation in the respiratory frequency band is moderate and cooling does not induce significant changes in its value. Changes in the phase shift ofp andp, shown in Fig. 6(b) , suggest dramatic changes in the relationship of the two components under consideration. At rest (blue line), the phase shift of the low-frequency pulsations ofp andp C is close to π for 0.01 < ν < 0.1 Hz and tends to zero during the cooling (red line). For the phase of cross-correlation for p andp R , the anticorrelation at rest is less pronounced (the phase shift is close to π at ν ≈ 0.01 and decreases for higher frequencies, but the tendency is similar). Under cooling, both signalsp C andp R demonstrate a direct correlation with the average perfusion (no phase shift).
Nonlinear Transfer Function
Analyzing and interpreting the results obtained, one should take into account the LDF transfer function P LDF ¼ GðPÞ, which relates the measured perfusion P LDF to the real tissue perfusion P and is actually nonlinear. The function GðPÞ depends on the optical properties and peculiarities of the morphological structure of the tissue of a given subject and varies for individuals. The detailed form of this function is unknown and we will illustrate its possible influence basing on general framework of LDF technique. 16 Several models of dependence of the perfusion oscillation amplitude on mean perfusion and transfer function are considered. According to Ref. 16 , it is assumed that the transfer function GðPÞ is linear for low P and then saturates at large P. We model it as GðPÞ ¼ a arctanðP∕bÞ and consider weak (red), moderate (blue), and strong (green) saturation [ Fig. 7(a) ]. Then, three test variations of real perfusion in time PðtÞ are taken: increasing perfusion with constant amplitude of oscillations [ Fig. 7(b) ]; increasing perfusion with linear increasing amplitude of oscillations [ Fig. 7(d) ]; increasing perfusion with a nonlinear shape of amplitude of oscillations [ Fig. 7(f) ]. Using the transfer function, P LDF signal is calculated, and then it is decomposed on the averaged and oscillating parts [Figs. 7(c), 7(e), and 7(g)].
Thus, aP −P diagram with a descending branch can appear under applied transfer function for the case of perfusion oscillations, which monotonically increase with perfusion. If oscillations decrease at high perfusion for some intrinsic reasonP −P diagram becomes more complicate with strong asymmetry of ascending and descending branches [Figs. 7(f) and 7(g)]. Example, shown in the Fig. 7 (f) by green and blue lines, exhibit three parts inP −P diagram: under low perfusion, the curve is defined by the linear dependence ofP onP; at moderate perfusion, the transfer function plays the major role and decreases the slope of the curve; and at high perfusion, the decay of oscillations is provided by some intrinsic reason.
These simple test examples demonstrate that the transfer function strongly distortsP −P diagram that is why, especially for high perfusion, the interpretation should be done with high accuracy.
Group Statistics
All the previous results were presented for a couple of examples and so the aim of this section is to find some statistical characteristics for the whole group of subjects and to clarify whether the observed behavior of LDF oscillations is typical for all subjects. Correlation coefficients ofp andp k , which were shown for one subject in Table 3 , were calculated for all the subjects for three time intervals. The results obtained are summarized in a Box-Whisker diagram in Fig. 8(a) . In the majority of measurements, we observe that cooling causes the change of the sign of the correlation coefficients from negative to positive. Thus, the microvascular reaction described above for one subject is typical.
Dorsal Part of the Palm
In five subjects from the whole group, we collected simultaneous data on the fingertip and on the dorsal part of the palm between the base of the thumb and the index finger. This part of the palm has nonglabrous skin with a significantly smaller density of capillaries and perfusion is not high (up to 30 p.u. in the example under consideration), see Fig. 2(a) . Data from the dorsal part were included in the scatter diagrams forp andp k (Fig. 5 ) and indicated by closed symbols. Remarkably, the dependence ofp C fromp obeys the same linear law as for the fingertip and for dorsal part. So, the relation ofp andp C does not depend on the point of data collecting but has individual differences. Correlation coefficients for these five records are shown in the Box-Whisker diagram [ Fig. 8(b) ]. Linear correlation coefficients are positive on the dorsal part of the hand and slightly decreases because of the contralateral cooling. 
Discussion and Conclusion
The relationship between average and oscillating perfusion, measured by means of LDF, was studied during the contralateral CPT. The LDF signal was recorded on two different sites of the hand: dorsal part of the arm and finger pad. Such protocol makes it possible to get a wide range of perfusion. The average perfusion always decreases during cooling, while the oscillating component demonstrates differently directed reaction. This behavior became clear when the intrinsic nonlinear relation of the averagepðtÞ and oscillatory components [pðtÞ] were established. For low perfusion (up to half of the maximal value), pðtÞ is proportional topðtÞ, whereas with saturation of the tissue by blood, the oscillating component becomes weaker and converges to zero at high perfusion. This relation manifests itself as a positive correlation ofpðtÞ andpðtÞ under moderate perfusion and as an anticorrelation for high perfusion.
In the majority of measurements, the perfusion of the acral skin was high, more than 300 p.u., and weak pulsations were observed. These weak oscillations can be explained by the large contribution of capillary blood flow into the LDF signal. The blood flow in the capillaries is stationary with a low-oscillating component, 33 so oscillations in the resulting LDF signal become low.
The reduction of perfusion in the fingertip and on the surface of the dorsal part of the palm was provided in our experiments by cooling the contralateral limb. Such cooling induces activation of the sympathetic nervous system, which results in cutaneous vasoconstriction and a decrease in skin blood flow. This causes the redistribution of blood flow through elements of the microcirculation system, namely, arteriolar vasoconstriction, a high tone of precapillary sphincters, and blood flow through the arteriovenous anastomoses. 15 In this case, the LDF probe collects signal mostly from the arterioles, which have a muscular wall and demonstrate pulsations. The arteriolar tone pulsations are correlated with the perfusion.
In the dorsal part of the arm, the perfusion is lower than that in the finger pad because of the morphological difference of the skin and different capillary density. Cooling causes a decrease of perfusion but the relation ofpðtÞ andp C ðtÞ did not vary.
Remarkably,pðtÞ andp C ðtÞ data collected from the dorsal part of the hand obey the same linear law as data from the fingertip under low perfusion state.
The range of LDF signal variations differs from subject to subject, but the relation ofpðtÞ andpðtÞ demonstrates common behavior. To assemble all measurements we used, the dimensionless valuesp 0 ðtÞ andp 0 ðtÞ, which were calculated in two steps. First, the angle coefficient θ for the linear part of this curve was found and then all data were normalized to θ ¼ 1. Second, the perfusion for a given subject was normalized to the maximum perfusion:p 0 ðtÞ ¼pðtÞ∕ maxðPÞ andp 0 ðtÞ ¼pðtÞ∕ maxðPÞ. Results of this two-step procedure are shown in Fig. 9 , which explains the contradirectional reaction of the pulsatile component of the LDF signal on the contralateral cooling. We conclude that the response of the oscillating component to the CPT depends on the initial value of perfusion and degree of vasoconstriction. In the relaxed conditions, the perfusion is moderate and the contralateral cooling provokes vasoconstriction and reduces the oscillating component. If the initial perfusion is strong, the oscillating component is weak and contralateral cooling provokes decrease of perfusion and increase ofp.
Respiratoryp R , myogenicp M , and neurogenicp N pulsations behave themselves similar to the cardiac onesp C . While perfusion is moderate, the amplitude of pulsations is proportional tō p; and with the increase of P, pulsations become less intensive, the divergence of the points is rather large for low-frequency oscillation.
Thus, the oscillating component of LDF signal is correlated with its average in a complicated way. Wavelet correlation analysis demonstrated that for low perfusion, the variations of both components are inphase, whereas in the saturated stage they are in contraphase. Discussing this nontrivial behavior, one should take into account that when measured by means of LDF device perfusion, P LDF is nonlinearly related to the real perfusion. A saturation of the LDF signal appears under high RBC concentration, which often exists in the finger pad in the relaxed state. We illustrated by simple tests that both effects, namely, the "real physiological" dependence of amplitude of pulsations on the averaged perfusion and the nonlinear transfer function, can contribute to the observed relation.
The negative correlation ofpðtÞ andpðtÞ for individuals under basal conditions does not imply a similar intragroup correlation. The nonlinear curve ofpðtÞ andpðtÞ looks similar, but varies from subject to subject, namely each has an own scale factor. Mean over time values ofpðtÞ andpðtÞ for the intragroup statistics are positively correlated.
Recently, the analysis of blood flow oscillation has been used to detect the abnormality of the microcirculation system in variety of pathologies such as diabetic mellitus, 34 melanoma, 35 Rheino syndrome, and peripheral arterial obliterative disease. 36 The present work is devoted to methodological aspects of LDF measurements under functional tests and gives rise to research to widen our knowledge on the functional state of the microcirculation system.
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